We present an innovative strategy to control a thermal bias in nanoscale electronic conductors which is based on the contact heating scheme. This straightforward approach allows one to apply a known thermal bias across nanostructures directly through metallic leads, avoiding conventional substrate intermediation. We show, by using the average noise thermometry and local noise sensing technique in InAs nanowire-based devices, , that a nanoscale metallic constriction on a SiO 2 substrate acts like a diffusive conductor with negligible electron-phonon relaxation and non-ideal leads. The non-universal impact of the leads on the achieved thermal bias -which depends on their dimensions, shape and material composition -can be quantified via a proper design of the nanodevice. Our results are relevant for accurate thermoelectric or similar 1 arXiv:1812.06463v1 [cond-mat.mes-hall] 16 Dec 2018 measurements at nanoscale, allowing to reduce the issue of the thermal bias calibration to the knowledge of the heater resistance.
Introduction
Managing nanoscale electronic devices out of thermal equilibrium is an outstanding problem both from the fundamental 1,2 and applied perspectives. 3 Unlike cooling the electrons down by refrigeration, 4,5 raising their temperature above the thermal bath is achieved easily by Joule heating of the whole device, 6 of a part of it [7] [8] [9] or of the nearby substrate. [10] [11] [12] [13] [14] [15] [16] Accurate control of the generated thermal bias, which is an obvious prerequisite for a quantitative measurement in thermoelectric (TE) and other similar experiments, 17,18 remains a separate complex problem.
Various non-equilibrium control tools are capable of measuring the temperature of the electronic 4, 7, 8, 19 and lattice sub-systems, 20 including spatially resolved 9,21-23 and energy resolved 24,25 approaches. However, the accuracy of the control is strongly outweighed by the tools' complexity. Moreover, the modeling of the heat balance at nanoscale is often not reliable, for the a-priori unknown electron-phonon coupling, 19 thermal contact resistance 10, [26] [27] [28] [29] and lattice thermal conductivity. 27, 30, 31 For instance, as demonstrated recently by some of us, below ∼ 40 K the electron and lattice systems are practically decoupled in InAs nanowires (NWs), 8, 32 emphasizing the importance of the leads for substrate heating approaches in this temperature range. Not to mention that the thermal bias calibration by means of the metallic resistance thermometry 33 loses its sensitivity within the residual resistance range at low temperatures. These obstacles are easily overcome using a contact heating scheme accompanied by a primary calibration of the thermal bias via noise thermometry. 7 In this case, a nearly ideal thermal contact between the electronic systems of a uniform current biased metallic heater and the nano-device is achieved by an ohmic contact of negligible resistance. The reddish strip between terminals 1 and 2 is the contact heater device under consideration. Terminal 2 is used to drive the heating current I H and to measure the noise from the contact heater, while terminal 1 is connected to the common ground. Terminal 3 is connected to the NW through a meander-shaped strip (blue) and used to drive the current I NW and measure the local noise. The shape of the blue strip is not intended to have an impact on the discussed experiments. The three side gates and all other unlabeled contacts were kept unconnected. (c,d) The magnified middle part of the heaters in D1 (c) and D2 (d). Short (∼ 2µm) Ni/Au constriction is connected to huge ∼ 160 µm leads. Current I H in the constriction heats up the 'hot end' of the NW, while the 'cold end' is kept thermalized at T bath . The arrows mark the difference in the leads thickness between D1 and D2 (see text). (e) Numerically simulated spatial temperature profiles along the contact heater in D1 at different |I H | = 2µA, 1.4µA, 1.0µA, 0.6µA, 0.3µA, 0µA .
The question we answer in this work, is whether the accurate knowledge of the thermal bias across a nanostructure (the InAs NW on a SiO 2 substrate in our case) is possible without technical challenges imposed by the noise thermometry. We will show, that the universal expression for electron temperature in the center of a diffusive heater of resistance r at a given bath temperature T bath :
34,35
where
2 is the Lorenz number, can be used to calibrate the thermal bias created by the constriction, without performing the noise measurements. A well-known issue in this case is the Joule heating of the metallic leads connecting the constriction to the external current source. 36 We demonstrate how to eliminate this problem by exploiting the heaters of different lead thicknesses and verify the idea using the local and average noise thermometry.
The proposed strategy allows one to determine the thermal bias at nanoscale based solely on the knowledge of the heater resistance and, thus, appears to be commonly accessible to experimentalists working with thermal management at the nanoscale.
Devices
In our experiment we use two devices of identical planar architecture shown in the SEM images reported in Fig. 1a and Fig. 1b and marked as device 1 (D1) and device 2 (D2), respectively. Single InAs nanowire (see fabrication details in "Materials and Methods"), emphasized with green color, was deposited on the top of SiO 2 /Si substrate. Colored with light-grey, are Ni/Au bilayers deposited by means of e-beam lithography on the substrate, which form ohmic contacts and side gates to the NW (the latter weren't used throughout this work). In our measurements only the terminals numbered 1-3 were used while the others were floating. Reddish metallic strip between terminals 1 and 2, biased with current I H , serves as the contact heater to the NW. The terminal 2 is connected to the DC external circuit and to the low-temperature amplifier for the average noise measurements, while the terminal 1 is kept grounded (see Fig. 1b ). On the opposite side, each NW is connected via the terminal 3 and the bluish meander-shaped strip to the DC measurement circuit and another low-temperature amplifier, in this case for the local noise measurements 8 .
Important part of our devices is the constriction in the middle of the heater strip, see magnified SEM images in Fig. 1c and 1d . The constriction is represented by a 2 µm long and narrow metallic wire, which smoothly evolves into the wide and macroscopically long (∼ 160 µm) leads. In the following, we discuss the measurements performed in the device D1, since there are no qualitative differences with the D2 case. The only exception is reported in section Quantitative strategy for thermal biasing in linear response, where we analyze the role of the leads thickness using both devices.
InAs NW as an energy preserving sensor
The goal of this section is to summarize the capabilities of a diffusive InAs NW as a sensor of the local temperature 8 and the local energy distribution. 25 This is the only experimental section in which the NW is connected to the external current source and biased with the current I NW , which flows between the terminals 3 and 1 in Fig The crossover from the equilibrium Johnson-Nyquist noise S I = 4kT bath /R NW at I NW = 0 to linear current dependence S I = 2eF I NW , where F is a Fano factor, is observed and persists up to T NW ≈ 24 K (symbols). The theoretical fit (solid line) meets experimental data at F = 0.32 which is very close to the universal value for diffusive conductors without electronphonon relaxation F = 1/3. 37,38 Thus, a quasiparticle energy is preserved along the NW, making it ideally suited for local noise sensing.
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As usual in the case of elastic diffusion, 37 the electronic energy distribution (EED) at a
given location x along the NW, f ε (x), obeys the Laplace's equation
solution is a linear combination of the EEDs f ε (0) and f ε (L) given by the external boundary conditions at the two NW ends, respectively, x = 0 and x = L:
The cold end of the InAs NW (connected to the terminal 3 at x = 0) is always kept in equilibrium with the corresponding EED f ε (0) = (1 + exp(−ε/k B T bath )) −1 . In the following we focus on the experiments with a finite heater current I H , thereby the second boundary condition in the eq. (2) is non-equilibrium. We evaluate the corresponding EED at x = L by utilizing the energy resolved local noise spectroscopy. 39 In this experiment, performed with a separate device nominally identical to D2, both bias currents I NW and I H are finite. Also the I H was chosen high enough, to avoid a problem with the noise analysis caused by a nonlinearity of the NW resistance, see Ref. 25 for details. In Fig. 2b 
The observation of the locally equilibrium EEDs in Fig. 2b implies strong thermalization of the charge carriers in the metallic heater constriction, even at relatively low temperatures of T bath = 100 mK and T center H = 0.7 K. This is in contrast to a naive expectation of a double-step EED generated by the current I H . 24 We believe that the reason for such a strong thermalization is the electron-electron collisions in presence of a spin-flip scattering. [40] [41] [42] In our case such scattering is inevitable owing to the ferromagnetic Ni layer used in metalization.
An independent signature of the spin-flip scattering comes from a zero-bias Kondo-like peak 
where κ e = σ H LT is the Wiedemann-Franz heat conduction of the electronic system, which is responsible for the diffusion cooling mechanism in the heater. The first term on the rhs of the eq. (3) accounts for the Joule heat production in the heater, whereas the second term stands for the e-ph cooling, both per unit volume. The best fits, capable to explain the data of Fig. 3 since we expect that the e-ph cooling is bottle-necked by the substrate. 8 Second, we took the T -dependence of the heater conductivity into account via
where σ H (T bath ) = 5.26 × 10 7 S/m is measured at I H = 0 and α = 260 S/mK 3 , which is consistent with the observed dependence of the total heater resistance at T bath = 4.2 K, see the inset of Fig. 2b , and captures the main trend at T bath = 0.5 K.
In a uniform conductor at I H = 0 a small temperature difference δT T bath decays exponentially in space. In this case the solution of the eq. (3) is δT ∝ exp(−x/l eph ), where
is the e-ph relaxation length. For the above fit parameters we obtain l eph ≈ 5 µm and l eph ≈ 14 µm, respectively, at T = 4.2 K and T = 0.5 K in our Ni/Au metallic heaters. Experimentally, the elevated δT is achieved by means of the Joule heating.
As seen from the eq. (3), the heating is much more efficient in the constriction, thanks to its drastically reduced cross-section area A, roughly by an order of magnitude as compared to the heater leads (see Fig. 1 ). In fact the linear in I H trends of the T Note, that all theoretical predictions meet at r * H = r const when n → ∞, where r const is the resistance of the heater constriction.
In this section we investigate the impact of the thickness of the heater leads and propose a simple strategy to calibrate the thermal bias. In Fig. 4a we plot the temperature in the center of the heater constriction measured via local noise thermometry in dependence of I H in two devices at T bath = 4.2 K (symbols). The data clearly capture a systematic effect of the thickness of the metallic heater leads, which we express in terms of the number n of the 120 nm/10 nm thick Ni/Au bilayers. The T center H is considerably reduced in D2 (n = 2) as compared to the case of D1 (n = 1), which is perfectly consistent with the results of the model calculation (dashed lines). The solid line in Fig. 4a also shows the calculation in the limit of n → ∞, which corresponds to the idealized situation of the leads with zero electrical and heat resistances. Similar data in the form of δT center H respectively, the width and the thickness of the heater leads. The last term r geom accounts for a temperature-independent geometrical factor of the leads, e.g., in our experiments the trapezoidal shaped leads result in r geom ≈ 1.2 Ω/n.
As such, we propose the following strategy to calibrate the absolute value of the thermal bias at nanoscale:
• Design a device with at least two similar metallic heaters in the form of macroscopic leads and a constriction wire of the length L l eph and the cross-section A much smaller than that of the leads. The thickness t of the metal in the leads should vary substantially between the heaters and be the same within the constrictions.
• Measure the TE voltage (or other thermal response) in the linear regime V TE ∝ δT ∝ (r * H I H ) 2 with different heaters.
• Using the equations (4-5) and the known resistance of the constriction r const = (L/A)σ 
Summary
In summary, we achieved accurate thermal biasing of a nanoscale electronic device at low temperatures by means of a contact heating approach. Using the average noise thermometry and InAs NW-based local noise sensing we quantified the non-equilibrium electronic energy distribution and the temperature in the center of a metallic diffusive constriction in dependence of bias current. Numerical simulations allowed us to quantify the heat balance and the role of the non-ideal leads of the heater in the experiment. We presented a simple strategy how to design the metallic heaters capable of generating a predictable thermal bias at nanoscale.
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Materials and Methods
NW devices were fabricated starting from goldcatalyzed n-doped InAs NWs with typical length of 4µm and a diameter 85nm grown by chemical beam epitaxy. 44 The carrier density of the InAs NWs derived by field effect measurements is about 1 × 10 18 cm −3 . Typical ohmic contact resistance in our devices is below 100Ω, whereas the NW resistance is about 10kΩ per micrometer. The metallic nanostructures were realized by electron beam lithography (EBL) process involving two stages. First, 280 nm thick PMMA 950 K resist was spin-coated and followed by a soft-bake at 170
• C for 90 sec. The sample was then exposed for e-beam (10kV) writing. Ni/Au (10/120 nm) was deposited via thermal evaporation on the e-beam written pattern for lift-off. Prior to the Ni/Au deposition, the NWs were passivated using an ammonium polysulfide (N H 4 ) 2 S x solution, which ensured the formation of low-resistance ohmic contacts. Second, an additional standard EBL process was performed to achieve a precise overlay (with an accuracy ∼ 15nm) and intentionally double the Ni/Au thickness, in the lead areas (see Fig. 1d ).
We performed the measurements in two 3 He inserts, with the samples immersed in liquid (at T bath = 0.5K) or in gas (at T bath = 4.2K) and placed vertically face down. The shot noise spectral density was measured using home-made low-temperature amplifiers (LTamp) with a voltage gain of about 10 dB, input current noise of ∼ 10 −27 A 2 /Hz and dissipated power of ∼ 200µW . We used a resonant tank circuit at the input of the LTamp, see the sketch in Fig. 1b , with a ground bypass capacitance of a coaxial cable and contact pads ∼ 40pF , a hand-wound inductance of ∼ 5µH and a load resistance of 10kΩ. The output of the LTamp was fed into the low noise 75 dB total voltage gain room temperature amplification stage followed by a hand-made analogue filter and a power detector. The setup has a bandwidth of ∆f ∼ 0.5MHz around a center frequency of ≈ 11MHz. A calibration was achieved by means of equilibrium Johnson-Nyquist noise thermometry. For this purpose we used a commercial pHEMT transistor connected in parallel with the device, that was depleted otherwise.
